A number of modulation techniques have been proposed and thoroughly analysed in literature for optical wireless communication systems. Each modulation technique has its unique attractive features as well as its challenges. Some are very simple to implement and bandwidth efficient like the On-Off keying (OOK). Pulse interval modulation (PIM) techniques are reputed for their inherent synchronisation pulse, subcarrier modulation offers increased throughput, resilience to the inter-symbol interference (ISI) and immunity against the fluorescent-light noise near DC, while pulse position modulation (PPM) provides the unparalleled power efficiency in line of sight (LOS) links but the performance degrades severely in dispersed communication channel. There has been an enormous work on the analysis of these and many more modulation techniques under different channel and environmental conditions; we however present here a concise synopsis of the mostly reported wireless infrared modulation techniques.
INTRODUCTION
Selecting a modulation technique is one of the key technical decisions in the design of any communication system. The vital metrics against which a particular modulation technique is assessed are highlighted below in order of importance from infrared wireless communication stand point: i) Power Efficiency: The transmitted optical power is limited due to eye and skin safety requirement [1] [2] [3] [4] and for battery powered optical wireless gadgets the power consumption needs to be minimised as well. These factors make the power efficiency of a particular modulation technique the most important consideration. As such, different signalling schemes are usually compared in terms of the required average optical power (or signal to noise ratio) to achieve a desired error performance at given data rate. ii) Bandwidth Efficiency: Although the optical carrier can be said to have 'unlimited bandwidth' but the other constituents (the photodetector, multipath channel etc.) in the system limit the amount of bandwidth that is practically available for a distortion-free communication system [4] . Also the ensuing multipath propagation in diffuse link/non-directed LOS limits the available channel bandwidth [5] . This is also makes the bandwidth efficiency a prime metric. iii) Other Considerations: Implementation simplicity is another design requirement when considering a modulation scheme. The cost of implementing a very complex modulation scheme might render the scheme unfeasible irrespective of its power/bandwidth efficiency. Resilience to interference from the artificial ambient light sources and the channel induced dispersion as well as power contained at and near DC are other indices against which modulation schemes are compared and evaluated. Although our primary attention in this work is indoor optical wireless modulation techniques, the modulation/signalling techniques discussed herein are by no means restricted to this. They are equally applicable in both optical fibre and free-space optics communication links. In all cases, the intensity of the optical carrier signal is modulated by the data and direct photo detection in which the received signal (photocurrent) is proportional to the received optical irradiance is assumed, i.e. intensity modulation with direct detection (IM/DD).
DIGITAL BASEBAND MODULATION TECHNIQUES
The signalling schemes in this class are so called because the data has not been translated to a much higher carrier frequency prior to intensity modulation of the optical source; hence a significant portion of the signal power is restricted to the DC region.
On-off keying (OOK)
The most reported modulation techniques for IM/DD in optical communication is the OOK. This is apparently due to its simplicity. A bit one is simply represented by an optical pulse that occupies the entire or part of the bit duration while a bit zero is represented by the absence of an optical pulse. For an additive white Gaussian noise (AWGN) limited infrared communication channel, the optimum receiver for an OOK signalling is the match filter followed by a threshold detector set at midway between the zero bit and one bit energies. In such a channel, OOK with return-to-zero (RZ) signalling requires about 5logγ (dB) of optical power more than OOK ICTON-MW'07 Fr4B.1 2 with non-return-to-zero (NRZ) data format to achieve same level of bit error performance [1] , where presents the duty cycle γ. With no dispersion, the probability of bit error P be for NRZ-OOK is given by [2] :
where R is the responsivity of photodiode, P is the average transmitted power, R b is the data bit rate and η is the double-sided noise power spectral density (PSD).
To reduce the bit error rates (BER), a number of forward error controls have been proposed in [6] . In diffuse optical links, multipath induced dispersion limits the achievable data rate. For instance a data rate of 100 Mbps is not feasible with OOK signalling within a channel having a normalised delay spread of 0.6 [7] . This perhaps explains why the IrDA adopted a paltry data rate of 1.152 Mbps with a 25% duty cycle in half-duplex mode in their serial physical layer standards [8, 9] . For OOK to perform optimally in a multipath channel however, the maximum likelihood sequence detector (MLSD) should be adopted. The implementation of which is not practical because of its complexity and the prohibitive processing time. A sub-optimal but practical approach would be to use an equalizer. Employing a decision feedback equaliser (DFE) with the OOK makes the hitherto unfeasible 100 Mbps data rate a possibility even in the most dispersive channel as reported in [7] . Various other equalization techniques have been proposed for OOK scheme and their detailed analysis are available in [1, 5, 7] and references there in.
Pulse position modulation (PPM)
PPM is an orthogonal baseband modulation technique well researched in optical communications for its superior power efficiency compared to any other baseband modulation techniques. This factor makes it well suited for handheld devices, where lower power consumption is one of the main key factors. It finds commercial application in point-to-point communication like IrDA, laptop, palmtop etc.
An L-PPM symbol consists of a single pulse of one slot duration within L (= 2 M, where M > 0 is an integer) possible time slots with the remaining slots being empty (see Table 1 for the detail symbol mapping). The position of the pulse corresponds to the decimal value of the M-bit input data. In order to achieve the same throughput, PPM pulse duration is shorter than the OOK pulse duration by a factor L/M. Of course, its superior power efficiency is achieved at the cost of increased (by a factor of L/M) bandwidth requirement. With the threshold level at the receiver set mid way between the low and high levels, the slot error rate P se of PPM is given as [2, 10] :
From (1) and (2), it is apparent that to achieve similar error performance, the average power required by the PPM is lower than that required by OOK by a factor of
Since most of the indoor optical channels are power limited (rather than bandwidth limited), then PPM schemes with L > 2 would be a desirable option. In fact, 4-PPM is the signalling format adopted by the IrDA in their serial physical layer at data rate of 4 Mbps. Another key advantage of PPM is that it provides improved immunity to the noise induced by fluorescent lamps, because it has a much lower DC component compared with the OOK [1] .
Symbol and slot synchronization as well as the multipath induced ISI are the limiting factors in the performance of the PPM schemes. In diffuse infrared communication links the incurred power penalty due to the ISI is lower than that of the OOK signalling, because of the presence of the L-1 empty slots. Nonetheless, a decision feedback equalizer and a linear equalizer have both been reportedly applied in [10] [11] [12] to mitigate the induced ISI in diffused links. Most recently a neural network has also been applied as an equalizer to reduce the affects of ISI [13] .
Differential pulse position modulation (DPPM)
DPPM is the improved version of PPM where the power efficiency as well as bandwidth efficiency or the throughput is improved by removing all the empty slots that follow a pulse in a PPM symbol, see Table 1 [14, 15] . Hence the length of DPPM symbol varies from T s to LT s time slots. In DPPM, the average number of slots
; this is almost half that of PPM. This provides possibility for improving the data throughput or bandwidth efficiency [14] . With every DPPM symbol ending with a pulse, there exists an inherent symbol synchronization capability. In fact, all the baseband modulation schemes described hereafter have a built-in symbol synchronization capability.
Following the steps detailed in [14, 16] with a threshold level set mid way between the low and high levels, the P se can be approximated as :
The preferred packet error rate P pe metric can be obtained from (3) by adopting the approach used in [14] , [16] . The variable symbol length nature of the DPPM can pose real challenges in applying error detection and correction. In fact to the best of our knowledge; no work has been reported on DPPM with forward error control coding.
Differential amplitude pulse position modulation (DAPPM)
This signalling scheme was proposed recently by Sethakaset and Gulliver [17] . DAPPM has advantages over other modulation schemes including PPM, DPPM and dual header pulse position modulation (discussed in section 2.5) in terms of bandwidth requirements, capacity, and peak-to-average power ratio (PAPR) [17] . The DAPPM is a combination of DPPM and pulse amplitude modulation (PAM). The symbol length varies from {1, 2. . . L} and the pulse amplitude is selected from {1, 2. . . A}, where A and L are integers. The bit resolution M = log 2 (A × L). The average number of empty slots preceding the pulse can be lowered by increasing the number of amplitude levels A thereby increasing the achievable throughput in the process. When compared with similar modulation techniques, a well designed DAPPM will require the least bandwidth. Considering independent and identically distributed symbols, the slot error rate of an DAPPM can be obtained as [17] :
where P 0 is the probability of receiving empty slot, P A is the probability of receiving non-zero pulse, i θ are the optimum threshold levels, and P c is the peak transmit power. DAPPM suffers from a high average power and a large DC component, thus restricting its use to applications where power is not a premium. It is also susceptible to the baseline wander due to its large DC component [17, 18] .
Digital pulse interval modulation (DPIM)
In DPIM, each block of log 2 L data bits is mapped to one of L possible symbols, each different in length. Every symbol begins with a pulse, followed by a series of empty slots, the number of which is dependent on the decimal value of the block of data bits being encoded. In fact, DPIM symbols are the mirror image of DPPM symbols; they therefore require the same bandwidth and average power. The slot error rate and spectral properties of DPPM are also valid for the DPIM. To reduce the channel induced intersymbol interference, the use of one or more guard band(s)/slot(s) immediately after the pulse has been introduced by [19] . But for a highly dispersive channel, to achieve an acceptable error performance one would still require an equalizer at the receiver [19] . Since DPIM and DPPM are quite similar in structure, we will not be giving any further details about it. Interested readers are referred to these references [16, 19] .
Dual header pulse position modulation (DH-PIM)
In DH-PIM proposed by Aldibbiat et al. [20] a symbol can have one of two predefined header depending on the input information. The n th symbol S n (h n ,d n ) of a DH-PIM sequence is composed of a header h n , which initiates the symbol, and information slots d n . Depending on the most significant bit (MSB) of the input code word, two different headers are considered H 0 and H 1 that correspond to MSB = 0 and 1, respectively. H 0 and H 1 have equal duration of T h = (α + 1) T s , where α > 0 is an integer and T s is the slot duration, and are composed of a pulse and guard band. For H 0 and H 1 the pulse duration is αT s /2 and αT s , respectively. A guard band, with a duration T g ∈ {(0.5α + 1) T s , T s } corresponding to h n ∈ {H 0 ,H 1 } is used to cater for symbols representing zero. The information section is composed of d n empty slots. The value of d n ∈ {0,1,…,2 M-1 -1} is simply the decimal value of the M-bit input code word when the symbol starts with H 0 , or the decimal value of the 1's complement of the input data word when the symbol starts with H 1 [21] . The header pulse has the dual functions of symbol initiation and time reference for the preceding and succeeding symbols resulting in built-in symbols synchronisation [21] .
Since the average symbol length can be reduced by a proper selection of α, DH-PIM can offer shorter symbol lengths, improved transmission rate and bandwidth requirements compared with the DPIM, DPPIM and PPM. Theoretically it is possible to use a larger value of α, however this option increases the average symbol length unnecessarily thus resulting in reduced data throughput. Therefore, α = 1 and 2 are normally recommended. The average symbol length and the slot duration of DH-PIM are given as [21] :
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Assuming a matched filter and a threshold detector is being utilised at the receiver, the P se in LOS configuration with a threshold level set exactly half way between the pulse and no-pulse levels is derived as [21] :
Multilevel digital pulse interval modulation (MDPIM)
MDPIM emanated from the concept of DH-PIM combined with PAM where the two headers differ in amplitude level as against duration in the case of DH-PIM. In MDPIM, each block of M-bit input OOK data is mapped to one of L = 2 M possible symbols (see Table 1 ). Each symbol starts with a pulse of amplitude A (if the MSB of input data is to "0") or 2A (if the MSB of input data is to "1") followed by a guard slot and information slot of length {1, 2…L/2} [22] . The information slot length is equal to the decimal value of the binary input if MSB is 0 else it is equal to the decimal value of the 1's compliment of the binary input [22] . MDPIM not only removes the redundant time slots that follow the pulse as in PPM symbol, but also reduces the average symbol length compared with the DPIM and DH-PIM, thus resulting in an increased data throughput. The minimum, maximum and the average symbol length of MDPIM are L min = 2, L max = 2 M-1 -1, and L= (2 M-1 +3)/2, respectively, and the slot duration T s =2M/(2 M-1 +3)R b . Though detailed analytical error analysis of MDPIM is yet to be reported in literature, its similarity to DAPPM with A=2 suggests this can be obtained following the approach adopted in [12] . A summary of essential properties of the signalling techniques discussed thus far is presented in Table 2 . 
SUBCARRIER INTENSITY MODULATION
Subcarrier intensity modulation (SIM) in optical communication follows from techniques such as multiple carrier modulation in radio communication. Optical subcarrier modulation operates by combining one or multiple RF carriers called subcarriers, and using this composite RF signal m(t) to modulate the intensity of an optical source. Prior to this, the data stream is pre-modulated on the subcarrier frequencies using evolved modulation schemes such as phase shift keying (PSK), quadrature amplitude modulation (QAM) [23] . During one symbol duration ( ) m t is given by:
where N is the number of subcarriers, g(t) is the rectangular pulse shape function, { } is the peak amplitude of each subcarrier. At the receiver, a direct detection is employed followed by a standard RF demodulator to extract the data. For a single SIM, the electrical filter used at the receiver must have the same bandwidth as OOK signalling if quadrature-PSK is used and for BPSK modulated subcarrier, the bandwidth requirement is twice that of OOK. For multiple SIM, the bandwidth requirement apparently increases by a factor of N.
Since each subcarrier contained in m(t) is sinusoidal with both positive and negative values and to modulate the intensity of the laser diode (or a light emitting diode) without clipping, the amplitude of this composite signal amplitude must always be greater than the threshold current. A DC offset must therefore be added to m(t) in order to meet this requirement. Consequently, subcarrier modulation schemes are less power efficient than pulse modulation techniques. For instance in an AWGN limited direct LOS infrared communication link, using a single-SIM with either BPSK or QPSK results in 1.5 dB more optical power compared with the OOK [20] . Additionally, the optical modulation depth must be such that the optical source operates within its dynamic ICTON-MW'07 Fr4B.1 5 range. SIM can also be implemented with the subcarrier signals made orthogonal to one another to achieve orthogonal frequency division multiplexing (OFDM) [24] . This is particularly interesting as it can be easily implemented via IFFT/FFT in available signal processing chips [1, 25] . By ensuring the each subcarrier transmits at relatively low data rates, the need for an equalizer can be avoided while maintaining the same aggregate data rate. It also offers a greater immunity to near DC noise from the fluorescent lamps [1, 25] . However with a DC offset, multiple SIM results in a 10logN (dB) increase in optical power requirement compared with a single subcarrier. Also, multiple SIM suffers from both intermodulation and harmonics distortions due to the inherent optical source non-linearity. 
